The NfrA protein, an oxidoreductase from the soil bacterium Bacillus subtilis, is synthesized during the stationary phase and in response to heat. Analysis of promoter mutants revealed that the nfrA gene belongs to the class III heat shock genes in B. subtilis. An approximate 10-fold induction at both the transcriptional and the translational levels was found after thermal upshock. This induction resulted from enhanced synthesis of mRNA. Genetic and Northern blot analyses revealed that nfrA and the gene downstream of nfrA are transcribed as a bicistronic transcriptional unit. The unstable full-length transcript is processed into two short transcripts encoding nfrA and ywcH. The nfrA-ywcH operon is not induced by salt stress or by ethanol. According to previously published data, the transcription of class III genes in general is activated in response to the addition of these stressors. However, this conclusion is based on experiments which lacked a valid control. Therefore, it seems possible that the transcription of all class III genes is specifically induced by heat shock.
The continuous demand of Bacillus subtilis to adapt to everchanging conditions in its natural environment has forced the generation of complex regulatory mechanisms governing the transcription of stress-specific proteins. Stress-inducible genes from B. subtilis in general are subdivided into three groups (17, 18) . Class I genes are specifically induced by heat stress (17) . The well-known chaperonins GroEL, GroES, DnaK, DnaJ, and GrpE are encoded by genes belonging to this group (30, 41, 48, 54, 55) . The transcription of the respective genes is regulated by HrcA, a transcription repressor which binds to the CIRCE element (43, 56, 57, 59) . Genes transcribed in a Bdependent manner constitute class II stress-responsive genes (17, 18) . B activity is triggered by different kinds of stress and by starvation (5, (7) (8) (9) . Members of the last group of stressinduced genes, class III, are induced not by starvation but by several different stressful conditions. The transcription of class III genes is neither repressed by HrcA nor solely dependent on B . The regulator of the clpC operon, which encodes class III proteins, is known (11, 27) . This operon is transcribed by the activity of RNA polymerases containing B and A (28) . Nevertheless, transcription is not induced at the onset of the stationary phase (28) , likely because of the activity of this regulator (11, 27) .
Some of the stress-responsive proteins are regulated by two transcription factors. clpC, dps, trxA, opuE, and clpP (1, 4, 15, 29, 40, 46) are transcribed by RNA polymerase containing either A or B . csbB is under the additional control of X (22) . The csb40 operon (50) and the yvyD gene (13) are transcribed from B and H promoters, respectively. This genetic organization enables the bacterial cell to modulate the regulation of the respective genes in response to additional challenges.
In this communication, we describe the transcriptional regulation of the nfrA-ywcH operon encoding an oxidoreductase (34, 58) and a putative monooxygenase. It has been shown that nfrA transcription is induced in a D -dependent manner at the onset of the stationary phase (34) . nfrA transcription is also induced by heat stress from a A -dependent promoter overlapping the D promoter. The Ϫ35 region and the region upstream of the promoter are necessary for this regulation. Ethanol stress and salt stress do not induce nfrA transcription. We discuss the unusual induction pattern of this promoter. 3911017 in reference 36) and IPA62-Sac (5Ј-TAATCCGCGGACAGCTCACG TTTTTTC-3Ј; identical to positions 3910834 to 3910858 in reference 36). The fragment used to clone pIPA44 was constructed by amplifying chromosomal DNA with the primers YWCH7 (5Ј-GGGGATCAGGAATTCGATGAGGAT GAGG-3Ј; identical to positions 3910135 to 3910123 in reference 36) and YWCH8 (5Ј-AGCACTGTACCGCGGCAGCATGACTCC-3Ј; identical to positions 3930848 to 3909874 in reference 36). Both products of amplification were digested with EcoRI and SacII and cloned into pMUTIN2 (49) digested with the same enzymes. Plasmid pIPA44E was constructed by amplifying chromosomal DNA with the primers YWCH5 (5Ј-TTCGGAATGAATTCGACAAGGTG-3Ј; identical to positions 3910610 to 3910588 in reference 36) and YWCH6 (5Ј-TC CCTACCACGGATCCTCATCGTA-3Ј; identical to positions 3910099 to 3910123 in reference 36). The fragment was digested with EcoRI and BamHI and ligated to plasmid pDH32M (24) hydrolyzed with the same enzymes. Plasmid pDIPA44 was constructed by hydrolyzing pIPA6 (34) with XhoI. The 1,275-bp fragment encoding the 3Ј end of nfrA, the intergenic region, and the 5Ј end of ywcH was cloned into XhoI-hydrolyzed pKL4 (42) .
RNA analysis. Cells were grown as described below. RNA was isolated using an RNeasy kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. To obtain a probe for the S1 nuclease assay, we hydrolyzed plasmid pIPA8 with NcoI and labeled it with [␣-32 P]dATP. The radioactive fragment was digested with NruI, and a 912-bp fragment was isolated. S1 nuclease analysis was performed as described elsewhere (37) using limiting amounts of nuclease. Northern blotting was done as described previously (2) . Equal amounts of RNA were loaded in each lane. As a probe, we used either (i) an internal fragment of nfrA obtained by PCR amplification with plasmid pIPA11 (34) as a template and the primers "primer I" and "primer II" described previously (34) or (ii) an internal fragment of ywcH created by amplification of the plasmid pIPA14 insert with the universal and reverse primers (Pharmacia, Freiburg, Germany). To determine the sizes of the respective fragments, the signals were compared with the RNA size marker of United States Biochemicals (Bad Homburg, Germany). All experiments were reproduced at least once.
General methods. Unless indicated otherwise, bacteria were grown at 37°C. Nutrient broth (NB) (Oxoid, Basingstoke, United Kingdom) was used as a growth medium for B. subtilis, and Luria broth (39) was used for Escherichia coli. ␤-Galactosidase assays were performed as described previously (42) . Activity is reported in Miller units (33) . Each experiment was reproduced at least three times with independent transformants. Only the results of a single experiment are presented. Standard methods were carried out as described previously (39) . Western blot analysis was done as described previously (34) . Equal amounts of protein were loaded in each lane.
RESULTS
nfrA transcription is induced specifically by heat. While screening for salt stress-induced genes, we isolated the nfrA gene (data not shown). We wanted to test whether NfrA is a general stress protein or is induced by specific kinds of stress. To do so, we created a fusion of P nfrA to bgaB, encoding a ␤-galactosidase which is not degraded in response to stress (42, 57) . The resulting plasmid was integrated into the B. subtilis 168 chromosome to yield B. subtilis DIPA4 (34) . This strain was grown to the early mid-log phase in NB. Stress was applied either by shifting part of the culture to 49°C or by adding ethanol or NaCl to a final concentration of 5% or 0.5 M, respectively. P nfrA -dependent BgaB activity was induced about 10-fold by heat shock, but no significant induction was obtained with ethanol or salt (Fig. 1A) . Identical results were obtained using MOPSO minimal medium (26) with succinate as a C source (data not shown). Our original test for salt stress induction was based on direct quantification of mRNA as described previously (29) . Obviously, the results obtained with gene fusions differed from these original data. This difference is discussed below.
To analyze the heat induction in more detail, we grew B. subtilis DIPA4 in NB and induced heat shock by incubating part of the culture at an elevated temperature. Samples were removed at short intervals, and P nfrA -dependent ␤-galactosidase activity was determined. The patterns of induction of promoter activity were similar at all temperatures up to 51°C, but the maximal activity was modulated in response to the severity of the heat shock. At temperatures higher than 51°C, induction was abolished (Fig. 1B) . The transcriptional start site of the nfrA transcript was mapped for unstressed cells (34) . The same experiment was performed with RNA isolated from stressed cells. The start site of the transcript did not change after thermal upshock (data not shown).
To test whether the induction of transcription results in an elevated level of NfrA protein, we grew B. subtilis 168 to the early exponential phase and applied heat shock. Crude protein was isolated. Western blot analysis revealed that the amount of NfrA was increased severalfold in response to the shock (Fig.  1C) .
The heat response of nfrA is mediated at the transcriptional level. To test whether the increase in P nfrA -dependent ␤-galactosidase activity in response to heat shock is in fact due to an induction of P nfrA activity, we directly determined the amount of the nfrA transcript. B. subtilis DIPA4 was grown to the early log phase at 37°C and then shifted to 50°C. Cells were harvested before and at intervals after stress was applied. RNA was isolated, and equal amounts of RNA were used for Northern blot analysis. As shown in Fig. 2A two bands were obtained with a nfrA-specific probe. The first one was 0.8 kb, and the second one was 2.0 kb. Within the first 9 min after heat shock, the intensities of both bands increased about 10-fold. This result is in accordance with the results obtained with the P nfrAbgaB fusion. The amount of specific mRNA started to decline 15 min after heat shock was applied. The addition of NaCl or ethanol had no significant effect on the nfrA mRNA amount (data not shown). In addition, we tested the effects of puromycin addition on P nfrA activity. B. subtilis DIPA4 was grown to an optical density at 600 nm (OD 600 ) of 0.2, puromycin was added to a final concentration of 20 g/ml, and samples were removed at intervals. RNA was isolated and used for analysis. There was a steady increase in the nfrA mRNA amount (Fig.  2B) .
Degradation of the nfrA transcript is influenced by heat shock. The amount of mRNA is influenced by two different parameters, the rate of RNA synthesis and the rate of RNA decay. Therefore, we wanted to test whether the stability of the nfrA mRNA is influenced by heat shock. We grew B. subtilis DIPA4 to an OD 600 of 0.25 and subjected part of the culture to heat shock; the rest was allowed to grow at 37°C. Rifampin (10-g/ml final concentration) was added to both suspensions 5 min after heat stress was applied. Samples were removed at intervals, and RNA was isolated. Northern blot analysis of both the stressed and the unstressed samples revealed that there was a modest influence of heat shock on the half-life of the nfrA mRNA. To determine this influence, the data were analyzed using the regression function of the SigmaPlot program (SPSS Inc., Chicago, Ill.). The half-life of the 0.8-kb mRNA at 37°C was about 4 min and the half-life at 50°C was about 2 min (Fig. 3) . We were not able to exactly determine the half-life of the 2.0-kb mRNA because this mRNA vanished immediately after the addition of rifampin. Therefore, we conclude that the half-life of this mRNA was less than 1 min.
Mutations in the putative A promoter influence P nfrA activity. Besides a putative A consensus sequence, the region upstream of the mRNA 5Ј end includes sequences with homology to the B and D consensus sequences. Transcription of nfrA during the stationary phase is D dependent (34) . To test which sigma factor is responsible for the heat shock induction of nfrA, we modified the sequence of the promoter region cloned into pDIPA4. First, we constructed pB49, a derivative of the promoter without the region upstream of the Ϫ35 region. The BgaB activity of the resulting B. subtilis strain, B49, was decreased; induction by heat shock was also reduced but was not abolished. These results indicate that the upstream region is necessary for full promoter activity and for some of the regulation. Therefore, we decided to modify the sequence of pDIPA4 (34) by nonspecific PCR mutagenesis (10) .
Plasmids were isolated and sequenced, and mutant plasmids were integrated into the B. subtilis 168 chromosome. The activities of different promoter variants are depicted in Fig. 4 . Most mutations had only a modest influence on promoter activity. Only two positions of the proposed nfrA promoter deviated from the A consensus sequence. All mutations which caused a complete loss of promoter activity were either mutations within the Ϫ10 or Ϫ35 region of the putative A promoter or deletions in the spacer between both regions. A mutation upstream of the Ϫ35 region, C-43A, also had a severe negative effect on promoter activity. Mutations within the long poly(dT) blocks in the spacer between the Ϫ10 and Ϫ35 regions or the block overlapping the Ϫ35 region caused a 3-to 10-fold reduction in promoter activity. The same was true for two additional mutations upstream of the Ϫ35 region, T-40C and G-44T, respectively. Thirteen out of 41 mutations had only a slight effect on promoter activity. Two mutations within the putative Ϫ35 region, T-32C and G-31A, had no effect or caused even a slight increase in promoter activity. One point mutation resulted in elevated promoter activity. This mutation, G-15T, lies within the Ϫ16 region, a sequence which enhances the activity of several A promoters (19, 47) . All promoter derivatives with significant activity during exponential growth were induced in response to heat shock. Additionally, we created B. subtilis DIPA4 derivatives harboring mutations in genes encoding putative sigma factors (36) or known regulators of stress-responsive genes (11, 27, 43, 56) . We inactivated sigB, sigD, sigM, sigV, sigW, sigX, sigY, sigZ, ylaC, ykoZ, hrcA, and ctsR. None of these mutations had an effect on the heat shock induction of P nfrA (data not shown).
The ؊35 and upstream regions are important for heat induction. We were unable to find mutations which specifically abolished the heat shock induction of P nfrA . Our assumption was that the DNA sequences responsible for promoter activity and regulation overlap each other. Therefore, we created derivatives of the nfrA promoter by exchanging parts of this promoter with homologous parts of the B. subtilis xylA promoter (14). As described above, the upstream region influences promoter activity and heat shock induction. The sequence upstream of P xylA , which is necessary for the full activity of this promoter (25) , had no positive effect on the nfrA promoter (Fig. 5) . The hybrid promoter was still induced by heat shock, albeit at a reduced level. The same was true for all promoter derivatives containing the Ϫ35 region of the nfrA promoter. The Ϫ10 region of P nfrA was insufficient for heat shock induction.
nfrA and ywcH are transcribed as an operon. NfrA is a flavin mononucleotide-containing oxidoreductase (34) . The gene downstream of nfrA, ywcH, bears homology with a monooxygenase gene. Therefore, it seemed possible that NfrA is the electron donor for YwcH. However, the two genes are separated by an intergenic region of 177 bp containing a sequence proposed to be a transcriptional terminator (36) . In order to determine whether the regulation of transcription of ywcH and nfrA is similar, we created two plasmids, pIPA44E and pIPA44, by cloning the region encoding the C-terminal part of NfrA, the intergenic region between nfrA and ywcH, and the region encoding the N-terminal part of YwcH into plasmids pDH32M (24) and pMUTIN2 (49), respectively. As a control, we created plasmid pIPA43 by cloning the region encoding the 5Ј end of nfrA into plasmid pMUTIN2. pIPA44E was integrated into the amyE gene of B. subtilis 168, whereas pIPA43 and pIPA44 were integrated into the nfrA and ywcH genes of B. subtilis 168. Therefore, in B. subtilis IPA44E, ␤-galactosidase synthesis is controlled by promoters encoded by the fragment cloned into pDH32M, whereas in B. subtilis IPA43 and B. subtilis IPA44, ␤-galactosidase expression is controlled by all promoters within or upstream from the cloned fragment. The strains were grown in NB supplemented with glucose and glutamate. As described previously (34), the P nfrA -dependent ␤-galactosidase activity of B. subtilis IPA43 commenced at the onset of the stationary phase (Fig. 6A) . The same regulatory pattern was obtained for B. subtilis IPA44, but the activity was fourfold lower. We were not able to detect ␤-galactosidase activity above the background in B. subtilis IPA44E.
To investigate whether ywcH transcription is induced in response to heat shock, we created plasmid pDIPA44 by cloning the 1,275-bp XhoI fragment encoding the 3Ј end of nfrA, the intergenic region, and the 5Ј end of ywcH (36) into plasmid pKL4 (42) . The plasmid was integrated into the B. subtilis 168 chromosome. Heat shock induction was determined as described above. BgaB activity was induced, but the activity was fivefold lower than the activity in B. subtilis DIPA4 (Fig. 6B) .
With these results taken together, we were able to prove that the promoter driving ␤-galactosidase expression in B. subtilis IPA44 was not within the intergenic region between nfrA and ywcH but was upstream of the proposed transcriptional terminator. nfrA and ywcH were transcribed as a transcription unit.
The nfrA-ywcH mRNA is processed after transcription. The results described above indicate that nfrA and ywcH are transcribed from a single promoter. We isolated RNA from exponentially growing B. subtilis 168, from stationary-phase cells grown in NB supplemented with glucose and glutamate (34) , and from cells subjected to heat shock. Northern blot analysis was carried out using a ywcH-specific probe. The result of the experiment is shown in Fig. 7A . Two bands were obtained-a dominant band of 1.2 kb and a weaker band of 2.0 kb. Both heat shock and stationary phase resulted in an increase in the ywcH-specific RNA amount. The length of the shorter transcript corresponded to the length of the ywcH gene. Therefore, we assumed that the transcript starts in front of the ywcH gene, although we were unable to map promoter activity in that region. To test this notion, we performed a primer extension experiment. Depending on the conditions used to grow the bacteria, two different mRNA 5Ј ends were mapped (Fig. 7B) . mRNA isolated from heat-shocked bacteria started 11 bases in front of the ywcH gene; mRNA isolated from unstressed bacteria started 25 bases downstream of the putative translational start codon. Additionally, we mapped the 3Ј end of the nfrA mRNA by S1 nuclease analysis. The 3Ј part of the probe used for this experiment is complementary to the B. subtilis chromosome, whereas the 5Ј end is unable to hybridize to any mRNA from B. subtilis. Therefore, we were able to detect transcripts terminating within the intergenic region and transcripts overlapping the entire intergenic region. We obtained a dominant signal just downstream of the stem-loop structure and a second, eightfold-weaker signal corresponding to the end of the homologous part of the probe (Fig. 7C) .
DISCUSSION
nfrA and ywcH are transcribed as an operon. nfrA and ywcH are separated by a sequence generally used as a terminator (36) . To our surprise, nfrA and ywcH nevertheless constitute an operon. The stem-loop structure may nevertheless serve as a terminator. The activity of the transcriptional fusions of ywcH to bgaB and lacZ was four-to fivefold lower than that of the respective nfrA fusions. The existence of a putative terminator within an operon was also described for the heat shock-induced dnaK operon (20, 55). We do not know whether the unusual organization of both operons serves a specific purpose. In Agrobacterium tumefaciens, the mRNA encoding the genes groES and groEL is specifically cleaved between the two genes in response to heat shock, and two monocistronic mRNAs are formed. The polycistronic mRNA is the major mRNA at a low temperature (45) . This situation allows differential expression of the two proteins under stress and nonstress conditions. The processing of the full-length nfrA-ywcH transcript produces two different 5Ј ends. This finding indicates the existence of additional translational control of YwcH synthesis.
Characterization of P nfrA . The genes induced in response to different kinds of stress have been subdivided into three groups (17, 18) . Until now, no detailed promoter analysis has been undertaken for class III genes. Based on sequence similarities of the regions upstream of the mapped 5Ј ends of the respective mRNAs to the consensus sequence, it was proposed that these genes are transcribed by A -containing RNA polymerase. Recently, a new group of genes important for survival at high temperatures was described (21, 22) . These genes are preceded by promoters recognized by the alternative sigma factor X . nfrA transcription is specifically induced by heat. Inactivation of genes encoding putative sigma factors had no effect on the heat induction of nfrA transcription. Additionally, we mutagenized the promoter region. All mutations causing a complete loss of promoter activity resided within the important parts of the putative A promoter. Two mutations with strongly increased activity were obtained. Both exchanges resulted in promoter derivatives fitting the A consensus sequence better than the wild type does. Two mutations, T-32C and G-31A, do not fit into the emerging picture. Both are mutations in the putative Ϫ35 region but have no negative effect on promoter activity. Therefore, we think that it was not possible to prove unambiguously that P nfrA is used in a A -dependent manner. P nfrA regulation is not dependent on known regulators (11, 27, 43, 56) of stress-responsive genes. It is induced by the addition of puromycin. According to the definition of class III genes (17, 18) , nfrA and ywcH belong to this group of stressresponsive genes. Only recently was the creation of a new class of stress-responsive genes proposed (11) . Genes whose transcription is regulated by a novel regulator of the stress and heat shock response, CtsR, constitute class III genes according to this classification. According to this new definition, nfrA and ywcH are class IV stress-responsive genes.
nfrA-ywcH transcription is specifically induced by heat. Originally, the nfrA gene was isolated when we screened for salt stress-induced genes (O. Krispin, E. Gaul, and R. Allmansberger, unpublished data). The screen was based on direct quantification of mRNA amounts using the xynA mRNA (12, 29, 52) as a control. The unambiguous result of this experiment was that the amount of the nfrA transcript is increased in response to salt stress. To our surprise, we were unable to reproduce the results obtained by RNA dot blotting with a P nfrA -bgaB fusion. It turned out that, in contrast to a statement made previously (29) , the amount of the xynA transcript is severely influenced by different kinds of stress (2) . The alleged increase in nfrA mRNA was in fact a reduction of the amount of the control.
Because it is not possible to use the LacZ protein to determine heat shock induction in B. subtilis (5) , a considerable amount of data concerning the stress response in B. subtilis has been collected using RNA dot blots as a method to quantify the induction of the respective genes. The control used for the first set of these experiments (12, 29, 51 ) is obviously invalid (2; O. Krispin and R. Allmansberger, unpublished data). Therefore, it is very likely that the interpretation of the data presented in the mentioned publications was incorrect (see below). It is indubitable that there was a relative increase in the synthesis of the respective proteins, because most of the genes were identified by sequencing of proteins whose synthesis increased in response to different kinds of stress (6, 51) . However, an increase in the relative synthesis of a protein does not prove that transcription of the encoding gene is induced. For example, the same result is obtained when stress conditions reduce the translation of most other genes. The few proteins with unchanged translational efficiency would cause stronger signals on two-dimensional gels. This general effect seems possible because stress obviously reduces the mRNA stability of some genes whose stability is not influenced by specific structures (2, 57) . In contrast, the half-lives of mRNAs encoding stress-induced genes are almost unaltered in response to stress (23, 57) .
In response to the finding that the amount of xynA mRNA is severely influenced by stress, this control was not used any longer. Instead, mRNA quantifications were performed without an internal control (3, 5, 12, 32, 38, 40) . RNA dot blotting is a multistep experiment. For example, it is a difficult task to obtain RNA preparations of identical quality. Therefore, we consider a valid internal control to be a prerequisite for accurate quantifications of RNA amounts, an opinion which is supported by the fact that the same authors who indicated that clpC transcription is induced by salt stress (29) reported in a recent publication that the regulator of clpC transcription is not induced by salt stress (27) . The induction of all class III general stress proteins activated by several stressors was determined by RNA dot blotting. Two class III genes, htpG (44) and nfrA, are induced by heat shock only. Induction of these genes was determined by measuring the induction of bgaB fusions to the respective promoters. Therefore, it is our suspicion that the method used to determine stress induction in B. subtilis influences the results and the interpretation of the experiments considerably. In addition, salt stress and ethanol induction of most class III genes is rather low (3, 12, 15, 16, 29, 38, 40) . It seems necessary to reproduce experiments using a different method or a valid control to determine stress induction.
Transcription of class I and several class III genes is induced by the addition of the antibiotic puromycin (29, 35, 38, 40) . Class II genes are not induced by the addition of this antibiotic. It was proposed that this difference allows the conclusion that the signals for the induction of class I and class II genes are different (35) . While the amount of the nfrA transcript is elevated in response to puromycin treatment, the mechanism responsible for this increase is unclear. We believe that the fact that the amounts of transcripts from class II genes are not elevated in response to puromycin treatment is insufficient to conclude the existence of different induction mechanisms for class II genes and the rest of the stress-responsive genes. The expression of class II genes depends on the activity of the gene product encoded by sigB. Transcription of the sigB gene itself is induced in response to stress (5, 7, 53) . As a consequence, the amount of B increases and the response is amplified. It is likely that this induction of B synthesis is necessary to obtain
Northern blot analysis of ywcH transcription. RNA was isolated from cells before (37°C) and after (50°C) heat shock or during the exponential (OD 600 ϭ 0.2) and stationary (OD 600 ϭ 1.4) growth phases. Equal amounts of RNA were used for the analysis. The positions of the 23S and 16S rRNAs are indicated. Two bands specifically hybridizing to a ywcH probe were obtained. (B) Mapping of the ywcH 5Ј end. RNA was isolated from B. subtilis 168 grown at the indicated temperatures. The sequence ladder used as a size marker was obtained by using the same primer as that used for the primer extension reaction. The putative start codon of translation is indicated (TAC). Whereas the 5Ј end of the RNA is upstream from the putative translational start codon in heat-shocked cells, it is downstream from this codon in unstressed cells (arrows at left). (C) S1 nuclease mapping of the 3Ј end of nfrA. RNA was isolated from cells before (37°C) and after (50°C) heat shock or from stationary-phase cells grown in NB or NB with glucose and glutamate (GG). Equal amounts of RNA were used for the analysis. Restriction fragments of known lengths and a sequence ladder of a known sequence were used as size markers. Four different signals were obtained in the S1 nuclease reaction. The 912-base fragment was derived from an unprocessed probe. The 875-base fragment (large filled arrow) was obtained by S1 nuclease processing of a probe hybridized to an unprocessed nfrA-ywcH transcript. The 397-base fragment (hatched arrow) was processed at the 5Ј end of the stem-loop structure. The 378-base fragment (empty arrow) was processed at the single mismatch within the stem-loop structure. (D) Graphic illustration of the results obtained by S1 nuclease mapping and primer extension. The labeling of the arrows is like that in panel C. The 875-base fragment is not due to RNA processing but is specific for the strategy of the experiment. It indicates that readthrough occurs. strong induction of the whole regulon. Even if puromycin addition induces B activity, the induction of the transcription of B -dependent genes will be diminished, because the majority of this induction is brought about by de novo synthesis of B itself, which is blocked by puromycin.
The regulatory region and the promoter overlap. Our results indicate that heat shock-induced nfrA transcription is dependent on RNA polymerase containing A . The underlying regulatory mechanism is unknown. Nonspecific mutagenesis did not result in mutants with altered regulation. The original Ϫ10 and Ϫ35 regions of the promoter are necessary for full heat shock induction. We tried to identify a trans-acting regulatory protein using saturating transposon mutagenesis. We obtained about 10 5 independent mutants, but we were unable to identify a mutant which changed the regulation of nfrA transcription (data not shown). The nfrA gene promoter for B. subtilis is unusual because the distance between the Ϫ10 and Ϫ35 regions is rather short. Therefore, it seems possible that the DNA structure itself is important for heat shock induction. For example, heat shock influences DNA supercoiling in B. subtilis (26) . However, our results are insufficient to allow a definite conclusion. Additional work is necessary to elucidate the mechanism of nfrA heat shock induction.
